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Abstract

This paperaddresseghe testability problemsraisedby em-
beddedcoreswith multiple clock domains.Theproposedso-
lution, basedon a novel core wrapper architecture, shows
how multi-frequencyat-speedest responsecaptuie can be
achieved using low-speedtestes syndironizedwith high-
speedon-cip geneirted clocks. Using experimentaldata,
the trade-ofs betweerthe numberof testerchannelstesting
time areaoverheadandpowerdissipationare discussed.

1 Intr oduction

System-on-a-chigSOCs) designsin telecommunications,
networking and digital signal processingapplicationsem-
ploy intellectual property (IP) coresoperatingat different
clock rates. In addition, mary embeddedoresoperatein-
ternally using multiple frequencies. For example, for the
designreportedin [11] all the coreshave more than three
clockdomains.To illustratea multiple-frequeng core-based
SOC,Figurel shavs asimplehypotheticadesignthatcom-
prisesthree coreswith three different physicalcloks In
addition, Core 2 consistsof modules(M1,M2,M3) operat-
ing at differentfrequencieqfl,f2,f3). A physicalclock is a
chip-level clock, e.g.,it cancomefrom anoscillator, aphase-
lockedloop (PLL) or recoveredfrom a datastream.All the
internal clocks generatedrom the samephysicalclock are
consideredo be a part of the samephysicalclock domain.
The multi-frequeny modulescommunicateone with each
otherthroughsynchronizationogic and/orfirst in first out
(FIFO) memoryblocks. Although multi-frequeny embed-
ded corespresentadvantagessuch as reducedpower and
silicon area,becausef the clock skew andsynchronization
problemsthey requirespecialattentionduringtest.

The objective of this paperis to provide a solution for
at-speednulti-frequeny coretestingwhentestdatais trans-
ferred using a low speedautomatictest equipment(ATE).
Thekey to the proposedsolutionis a novel corewrapperar-
chitectureusedto synchronizethe external testerchannels
with the core’s internal scanchainsin the shift mode,and
provide at-speedestcontrolin the capturemode.In thefol-
lowing sectiontherelevantrelatedwork is overvieved.
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Figure 1. Multi-frequenc y SOC Example

1.1 RelatedWork

Embeddedcoresin an SOC are not directly accessible
throughthe primary inputs,andconsequentlyedicatedest
accesanechanismgTAMS) are requiredto facilitate SOC
testing. TheseTAMs are connectedo the embeddedores
usingspecialinterfacescalledcore wrappers [12]. Recently
anumberof approachebave addressedorewrapperdesign
(e.g.,[6-8,10] only to namea few relevantones).Thework
in [10] proposes “testcollar’ asatestwrapperfor SOCtest.
The methodis basedon two on-chipvariable-widthbusses,
onefor testdataandonefor testcontrol. Marinissenet. al
[7], proposeda TestShellwrapperwhich is the basisfor the
IEEE P1500[1] corewrapper The TestShelis scalableand
supportsthe operatingmodesrequiredby the IEEE P1500.
Wrapperdesignoptimizationto reducetestingtime waspro-
posedn [8] and[6] introducedanalgorithm(basednabest
fit decreasingpeuristic)to minimize coretestingtime andre-
quiredTAM width atthe sametime.

Sincethe existing corewrapperdesignapproachesreap-
plicableto single-frequeng embeddedtoretest,in the fol-
lowing an overview of the proposedapproachegor multi-
frequeng testingis given. The main solutionsarebasedon
built-in self-test(BIST) [2,3,5,9]. The solution presented
in [3] useda dedicatedclock generatorto shift the multi-
frequeng scanchainsat their correspondinglock frequen-
cies. To avoid clock skew during captureretiminglatchesor
dedicatedwo-phase/tw-edgeclocking schemeavere used
betweendifferent clock domains. In [9] the testdatawas
shiftedin/out at-speedy reusingthe existing clock treeon
chip anda programmablescanmodesignalunit wasusedto
control the captureof the circuit responses.The solutions
proposedin [2,5] employ a rather different approachthat
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Figure 2. Single/Multiple Frequency Cores

separateshe clocking for scanand capturein two phases,
by multiplexing the clock signalsfor eachphase.The main
differencebetweenthesetwo approachesies in the design
of the capture window In [2], in the capturemode,all the
ratedclocksareappliediteratively in a numberof intervals
equalto the numberof clock domains.In eachiterationthe
selectedclock signalwill propagateo a scanchainonly if
its valueis lower thanthe ratedclock of the respectie scan
chain (see[2] for detailedoperation). In [5] a more flexi-
ble capture windowwasused,which consistsof capturesn
differentclock domainsand someshift operationgo create
inter-domainat-speectapture.The functionalclock of each
of thedomaings usedto obtainashift followedby a capture.
In addition, shift operationfor all the scanchainscanwork
atary of theon-chipfrequencies.

1.2 Motivation and Objectives

DespitethefactthatBIST is theprimarysolutionfor at-speed
multi-frequengy testing[2, 3,5, 9], therearea numberof is-
sueswhicharisein the SOCparadignfrom thecoreprovider
andsystemintegratorinter-operabilityperspectre. Thereare
four maincasesthesystemntegratorwill recevea(i) BIST-
edcore,a (ii) BIST-readycore,a (iii) scan-testableore,or
a (iv) functional-testablecore. With the exception of the
BIST-ed multi-frequeng cores,in orderto deliver the pat-
terns(usinglow-speedestes) to the IP-protecteccoresand
to performrapidat-speedest(usinghigh-speean-dip gen-
eratedclocks) without exceedingthe power ratingsor maxi-
mum shift frequeng, the systemintegratoris constrainedo
designamulti-frequeny corewrapperwhichis theveryaim
of this paper Unlike the existing approachesvhich assume
that designs/coresan be BIST-ed for multi-frequeng test,
i.e.,thestructuranetlistcanbe modifiedwith extrahardware
to guaranteevalid multi-frequeny capture,our approachs
suitablefor IP-protectedcoreswherethe SOCintegratoris
in chage of developingthe multi-frequeng teststrateyy.
The existing wrapper designalgorithms developedfor
IP-protectedcores(e.g., [6—8,10]) are not directly applica-
ble to at-speednulti-frequeng testingbecausef the clock
skew problemduring test [5]. Although by groupingthe
flip-flops triggeredby the sameclock togetherand adding
lock-up latchesin betweendifferent clock domains,clock
skew problemduringshift canbesolved(for mux-basedcan
approach),clock skew during at-speedcapturestill might
occur and corrupt the test response. Thereforeto solve

the emeging problemsfor non-BISTed IP-protectedmulti-

frequengy embeddectores(i.e., determininga reliable and
cost-eficient shift frequeny anddesigningat-speedtapture
windowswithoutary structuraimodificationgo thecore)we

proposea novel corewrapperdesignalgorithmandits asso-
ciatednew multi-frequeng corewrapperarchitecture.

2 Multi-Fr equencyCore Wrapper (MFCW)

This sectionpresentghe multi-frequengy core wrapperar-
chitectureand designalgorithm, by focusing on the case
whenall theinternalclocksaregeneratedrom asinglephys-
ical clock. As summarizedat the end of this section,the
proposedsolutioncaneasilybe extendedto the generakcase
when a core hasmultiple physicalclocks. In orderto de-
scribe the proposedarchitectureand algorithm the single-
frequeng corewrapperdesign(labeledas SFCWD) is ex-
tendedto the multi-frequeny corewrapperdesignproblem
(labeledasMFCWD ), whichis formulatedasfollows:
MFCWD: Givena core with its testsetparametes, i.e., the
numberof clodk domains\., eat clodk domaingroup com-
prising ig inputs, oy outputsand sy scanchainswith given
scanchain lengths,determinea wrapper design(including
the architectuie of the wrapper the shift frequencyand the
capture window) with minimumtestingtime for the given
TAM width constaint.

To performat-speednulti-frequeng testing,althoughit is
not necessaryo load/unloaddataat functionalfrequencies,
the last launchand capturemustbe doneat-speed5]. To
facilitatethis, the physicaltestclock needgo functionat the
highestfrequeng f during launch/capture.Since most of
the available testerscannotprovide test dataat the highest
on-chipfrequeng, we needto provide a mechanismwhich
canuselow-speedestersto transfertestdata(shift phase),
yet performtestapplicationusing high-speedn-chipfunc-
tional multiple frequenciegcapturephase).To achieve this
thetestemustsynchronizevith anon-chiplow frequeny fi,
derived from the on-chiphigh functionalfrequeny f, (e.g.,
comingfrom a PLL), which is usedto shift in/out testdata
from/tothe ATE. In thefollowing the detailsof the proposed
wrapperarchitectureanddesignalgorithmaregiven.
Wrapper ScanChainsin Multiple FrequencyGroups A
multiple frequeny coreis shovn in Figure2, wherein ad-
dition to labelingthe scanchainswith their length, the as-
sociatednormal operatingfrequeng is alsoprovided. Core
wrapperdesignis mainly concernedwith the construction
of wrapperscanchains(WSC$ suchthatthe testingtime is
minimized. The WSCsarecomposedrom the input/output
wrapper cells and the internal scanchains. When using
single-frequeng corewrappersthetestingtime (in seconds)
will beafunctionof thelongestWSC|8] andthesingleshift
frequeng f, givenbethefollowing equation:

T(C) = {(1+maxwsG,wsg)) X ny+ min(wsg,wsg)}/ f Q)

where wsg/wsg are the lengths of the maximum in-
put/outputWSC respectiely, and ny is the numberof test
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Figure 3. Multi-Frequenc y Core Wrapper

vectorsin the testsetfor coreC. For multi-frequeny core
wrappersareis takennotto combinescanchainsbelonging
to differentfrequeny groups,and consequentlythe testing
time of the coreis not only dependenbn the lengthsof the
WSCshut also on the shift frequeng f9 for differentfre-
queny groups(note, f9 is not necessariljthe sameasits
functionalfrequeng). For multi-frequeny coretest, since
coreswith different clock domain configurationwill have
different capturewindow design,hencedifferentlength of
capturecycles, the testingtime of the multi-frequeng core
canbeformulatedby thefollowing equation:

1(C) = r;ax{ma)(wscf,ws@) x iy +min(wsd,wsd@)}/ 9} +tc xny (2)

wherethe wsd /ws@ are the lengthsof the maximumin-

put/outputWSCsof groupg (with shift frequeng f9) from

coreC, t is thetime spenton capturephaseor eachpattern
andn, is the numberof testvectors.To computethe WSCs
for the multi-frequeny core, a single-frequeng algorithm
canbe employed andadaptedor eachfrequeng group,as
shawn laterin this section.

Core Wrapper Interface: A multi-frequeng core wrap-
per for the example core shovn in Figure 2(b) is shovn
in Figure 3 (INTEST mode is illustrated). When com-
paredto a P1500single-frequeng core wrapper (labeled
asSFCW), the proposednulti-frequeny corewrapper(la-
beledas MFCW) includesthe sameinterface signals: se-
rial input/output(WSI/WSO), parallel input/output (TAM-

In/TAM-Out), and the wrapperinterface port (WIP). The
WIP provides test control and test clock for the core un-
dertest. Additional off-chip testclocks(i.e., ATE supplied)
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or on-chipgeneratedestclockscanalsobe includedin the
multi-frequeng interface.

Core Wrapper Architecture: Although the MFCW inter
faceis similar to the SFCWone,the architectureof the pro-
posedMFCW differssignificantlyfrom the standardcSFCW
Logic blocks belongingto differentfrequeny domainsare
groupedand marked in the figure asvirtual cores and for
eachvirtual core a virtual wrapper (single-frequeng core
wrapper),containingthe WSCsfor the respectie group, is
assigned.The virtual wrapperis connectedo the interface
throughvirtual testbus (VTB) lines. We assumethat the
systemintegrator usesparallel TAM-In/TAM-Out lines for
MFCW's case(this is optionalfor SFCW).The TAM-In is
connectedo avirtual testbus de-multipling interfaceunit
(VTB-DIU), which drivesdatain the virtual testbus lines
Similarly, TAM-Out is connectedo a virtual testbus mul-
tiplexing interfaceunit (VTB-MIU), which collectsthe data
from thevirtual testbuseqVTB-DIU andVTB-MIU areex-
plainedlateron this section).

ScanControl Block: ScanControlblockis akey partof the
proposedFCW, sinceit is usedto generatéhegatedclocks
(Gatedclk) necessaryor shift andcapturephasesandscan
enablesignals(Scanen) requiredby eachvirtual corein the
capturephase.Sincefor at-speedesting,it is not necessary
to load/unloadestdataattheratedfrequenciestheshift fre-
queng is usedto tradeof testingtime againspower dissipa-
tion. Unlike [4], we donot speedip thetestdataload/unload
to its functionalfrequeng throughserializing/de-serializing
techniquesincethis will reducethe testerchannelcapacity
and increasetestpower. Rather we load/unloadtest data
from/to the ATE at the speedof the testerfrequeny f; and
distribute it to multiple scanchainsat the speedof shift fre-
queng fs usingthe proposedvrapperarchitectureFor each
virtual core,we usethesamérequeng fs duringshift, which
is switchedto the functional frequeng in the capturewin-
dow (seeFigure4). However, the shift frequeng fs is not
necessarilfthe sameasthe testerfrequeny f;. For the ex-
amplefrom Figure 2(b), if we assume&he maximumtester
frequeng is 120MHz we will synchronizethe testerwith
the on-chipfrequeng equalto f; = 100MHz Thevalueof
fs andthe numberof the virtual testbus lines Ny, depend



Gated_clk[1...3]

Scan_en[1...3]

Sel, Sel W
A A
VTB FSM §<—f———' { Clock Division‘ Capture FSM ‘
T
shift TCK

Figure 5. Scan Contr ol Bloc k

notonly ontesterfrequeng f; andtheavailable TAM width
Wam, but alsoon the numberof the clock domainsN;, such
thatNyp > N andNyp x fs = fi x Wam aresatisfied.To de-
creasehe power consumptiorduringtest,theobjectiveis to
find the lowestpossibleshift frequeng fs without affecting
testingtime. To simplify the hardware implementationwve
selecttheratio of I—‘S astwo’s exponent.For example,in Fig-
ure3, thetesterfrequeng f; is selectedo be 100MHzandif
theavailableTAM widthWam = 2, whichis lessthanN; = 3,
thenwe will selectfs at 50MHz andthetotal numberof vir-
tual coretestbus lineswill be Ny, = 192 = 4. Although
decreasinds to 25MHz,thusleadingto Ny, = 8, will reduce
power consumptiorduring testit will increasetestingtime,
sincehaving 8 VTB lineswill bemorethannecessarfor the
4 scanchainsof the corefrom Figure3.

By groupingflip-flops from the sameclock domaininto
separatscanchainswe eliminatethe problemof clock skew
duringshift. However, to avoid the clock skew problemdur-
ing capturewe employ a capturewindow. Whencompared
to [5], to adaptcapturewindow to the core provider/system

integratormodel,theproposedolutionis notprogrammable.

However, its controlis embeddedh the core wrapperarchi-
tectue. In addition, basedon core provider’s information,
the transition-freeclock domains! arecapturedat the same
time (this decreasealsotestgeneratiorcomplexity), while
thetransition-hazardlock domainsarecapturedat different
timesto avoid theinterdomainclock skew. Thisis achieved
throughcarefully controllingthe Gated clk andScanensig-
nalsusingthe CaptureFSM shownn in Figure5. The gener
ation of thesetwo signalsjustifiesthe useof the highestfre-
gueng physicalclock asthecorewrapperTCK signal.If the
shift frequeng fs is lower thanthe testerfrequeny f; then
aninternalcontrolfinite statemachingVTB FSM)is usedto
generateghe mux selectsignalfor VTB-DIU andVTB-MIU
(seeFigure5). Thetestingtiming diagramfor the example
from Figure2(b)is shavnin Figure4. It shouldbenotedthat
clockdomains2 and3 aretransition-freeandhencethey can
be safelycapturedsimultaneouslywhile the clock domainl
will capturedataat a differenttime to eliminatethe testin-
validationproblemarisingfrom clock skew duringcapture.

1if thereareno datatransfersbetweertwo clock domainsor datatrans-
fersbetweertwo clock domainsaresafeduringcapturethenthey arecalled
transition-fiee Otherwisethey arecalledtransition-hazad clock domains.

Multi-Fr equency Core Wrapper Design Algorithm -
MFCWD

INPUT. C,Wam, ft, NC .
OUTPUT: f5, VC ={VCYg=1..hi}, SC={C"}

1. Initialize VCS;

2. Initialize nto make Nyp > N;

3. while (true){

Assign fs = fi +n, Ngp = Wam X n;
5. AssignNassignedtb = 0;V T Byw—o;
6. forifrom21toNyw {

7. AssignVTB,4 = 1;
8
9

P

Nassignedvtb++;
do SFCWD;

10. while (true){

11.  find g™ = max{1%};

12. VTBg++; Nassignedb™+;

13. do SFCWD;

14. if (Nassigneavb == Nup) break;

15. if nofurtherreductionpossiblebreak;

16. if (Tghift increasepreak;
17. Assignn=nx 2;
}

18.done

VTB-DIU and VTB-MIU Blocks: VTB-DIU blockis used
to synchronizethe input test dataand to transferthe test
vectorsinto the correspondingvirtual cores. If the shift

frequeng fs is selectedto be the sameas the testerfre-

queny fi, thenwe can simply connectthe TAM lines to

VTB linesthrougha flip-flop. However, if alower shift fre-

queng is used,thenVTB FSMis neededo implementthe
de-multiplexing unit. It is obviousthatby settingthe Sely to

avalue,the datafrom the TAM linesis loadedinto the cor-

respondingvTB at fs with a lateng of oneclock cycle. In

addition, the last shift launchbit is registeredin this block
andit is shiftedin at the correcttime decidedby the Scan
Control block, which is an essentiafeaturerequiredby at-
speedestthroughlastshift launch. The multiplexing unit is

the oppositeof the demultiplexing unit, i.e., it is usedto syn-
chronizethe outputtestdataandtransferthetestresponset

thecorrespondin@AM lines. Notethat,bothVTB-DIU and
VTB-MIU areactive only in thetestmodeandhencedo not
infer ary additionalperformancegenaltywhencomparedo

the standard®1500wrapper

Multi-Fr equencyCore Wrapper Design(MFCWD): The
wrapperdesignalgorithmtakesasinputsthetesterfrequengy
(), the testparameter®f core (C), the TAM width (Wam)

andthe numberof clock domainsN;, andit outputsthe shift
frequeng (fs) andthe final wrapperdesign,including the
virtual core wrapperandthe wrapperscanchains. The al-
gorithminitializes virtual cores(VC9), by assigningo each
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virtual corethe inputs,scanchainsandoutputswhich oper
atein its clock domain(line 1). In line 2 theration (I—;) is
initialized suchthatthe numberof virtual testbuslines Nyp
exceedsN.. The algorithm loopsthroughdifferent config-
urationsof fg andNyp in orderto reachthe minimum shift
time Tshisy for a pattern. In line 5 the total numberof as-
signedvirtual testbus lines Nassigneavb andthe numberof
assignedsirtual testbus lines for eachvirtual coreVTB,g
areinitialized as zero. Eachvirtual core VCy is first allo-
catedonevirtual testbusline andthenthe singlefrequeny
corewrapperdesign(SFCWD)is performedto getaninitial
testingtime (lines 6-9) to be usedas the startingpoint for
virtual testbus line allocation(lines 10-15). Dependingon
Nuwp, the algorithmproceedssfollows. First, all the virtual
coresaresortedbasedon their testingtime (19) andthe vir-
tual core which needsthe longesttestingtime is identified
(line 11). Thenthefollowing stepswill iteratively assignvir-
tualtestbuslinesto virtual cores.Thebasicideais to assign
more virtual testbus lines to the coreswith longertesting
time (line 12). Wheneer a virtual testbusline is assigned,
SFCWDis performedagainto getthe new testingtime (line
13). Therearetwo exit pointsfor theinnerloop: onewhen
all the virtual testbus lines are assignecand all the virtual
coreshave beenconnectedline 14); the otherexit point is
whenthereis no furthertestingtime reductionpossible(line
15). Note,thatthe SFCWDalgorithmusedin ourimplemen-
tationis basedndesignwrapperalgorithmin [6]. Whenthe
shift time for the corewith the new fg hasincreasedthe al-
gorithm haltssincefurthergrowth in Ny, will only increase
testingtime (line 16).

(MFCW) With Multiple Physical Clocks: So far it was
shavn how a new core wrapper architectue can address
at-speedmulti-frequeny core test with only one physical
clock domain. For the generalproblem, where the core
comprisessereral physical clock domains,we still divide
the core undertest into virtual coresbelongingto differ-
ent clock domainsand we canstill usethe sameshift fre-
gueng for all the virtual cores. The main difference how-
ever, liesin the designof the capturewindow. To reachat-
speedestingwithout corruptingtestdata,we proposeo sep-

| f(MH2) || Nin | Nout | Npi | Nsc | Liengh |
200 38 42 0 5 1001001009898
100 24 29 32 3 888887
133 34 10 0 1 76
50 42 62 0 4 9696 6462

Table 1. hCADTOO0 Clock Domain Information
aratethe capturewindow into several separatesub-capture
windows, correspondingo eachphysicalclock domain.The
ScanControlblock (with all thephysicalclocksconnectedo
it) generateat-speedaunch/captursignalsfor eachvirtual
core.For example,consideranembeddedorewith 3 virtual
coresVC,,VC,,VCs, thatoperateat 100MHz,200MHz and
133MhzseparatelySupposefs = fi = 100MHz (division of
fvc, = f1 = 200MHz), thenthetiming diagramis shawvn in
Figure 6, which shavs two separatesub-capturenvindows:
onefor clockdomainsl and2, which aretransition-freeand
onefor clockdomain3.

3 Experimental Results

Since no existing approacheshave tackled the multi-

frequengy embeddectore testing problem, it is difficult to

provide a oneto onecomparisorto previouswork. We have
decidedto analyzethe trade-ofs of the proposedsolution,
in termsof the numberof testerchannelstestingtime, area
overheadand power dissipation. Therefore,in this section,
we presentexperimentalresultsfor a hypothetical multi-

frequeny corehCADTOO. This corehasfour clockdomains
inside: the clock domaininformationis shovn in Table 1,

in which f denoteghe functionalfrequeng; Nin, Now, Npi

andNsc arethe numberof inputs,outputs bidirectionalsand
scanchainsin the specificclock domainrespectrely; and
the lengthof eachscanchainis shovn in column SCigngh.

Note, thisis a hardcore,i.e., theinternalscanchainscannot
bedivided,andthewrapperscanchainscontainalsothe I/O

boundarycells.

For different TAM widths Wym, the shift frequeny
of the core fs, virtual test bus lines assignedto eachVVC
(VTBJ[1...4]), thenecessarghift clock cyclesCgpis; andtime
Tshitt for each pattern, and the additional area overhead
Numyaes introducedby the nev MFCW are showvn in Ta-
ble 2. In this experiment,we assumehatthe maximumfre-
queng of the testeris 120MHz and, sincewe synchronize
thetestemwith adivision of the maximuminternalfrequeng
(200MHz), the testerwill shift testdataat fi = 100MHz
Fromthe experimentalresultsshavn in Table2 we canob-
sene that the shifting times for Wam = 24 andWam = 16
are the same. This is becausewhen the available TAM
width exceedsl 6 (whichis the maximumnumberof wrapper
scanchains),the shift time for virtual coreVC; hasalready
achieved its lowestvalue (100 clock cycles) and assigning
moreVTB linesto it will notleadto ary improvements.It
canalsobeseenthatwhentheavailable TAM width is small
(< 4in Table2), alower shift frequeny is selected For ex-
ample,whenthe available TAM width is 3, fs is selectedo
be25MHzandthetotal availableVTB linesare tMan = 12,



It is interestingto note that by using lower shift fre-

gueng fs not only the power consumptiorduringtestis re-

duced,but the testingtime canalsobe decreaseéh several

cases. In Table 3 power denotesthe percentageof power

consumptionfor the casewhen f; = fs (only the dynamic

power componentis accountedfor). When the available

TAM width for hCADTOO is 4, if we selectthe shift fre-

Wam fs | VTB[L..4] | Cenitt | Tshift | NUMyaes
(MH2) (co) | (M9
24 | 100 | [6424] | 100 | 1 333
16 | 100 | [6424) | 100 | 1 333
8 100 | [B3212] | 198 | 1.98 241
Z 50 3212 | 198 | 396 | 246
3 25 5313 | 127 | 508 | 293
2 25 3212 198 7.92 248
1 12.5 3212 198 15.84 271

queny fs = fi = 100MHz, the shift time for eachpattern
will be5.38pus whichis largerthanthe shift time of 3.96 us
for fs=50MHz This is becausethe latter caseallows for

Table 2. hCADTOO Wrapper Design with Differ-
ent TAM Width

abetterdistribution of VTB linesto differentclock domains.
In addition,if a smallincreasedn testingtime is acceptable,

the test power can be further reduced. For example,if we

selectthe shift frequeng fs = 25MHz, the testingtime will

be 4 psratherthan3.96 uswith fs = 50MHz, however, the

fs VTBI1...4] | Cenitt | Tshift Power | Numyges
(MH2) o | 19 | (%)
100 [1111] 538 5.38 100 190
50 [3212] 198 3.96 50 246
25 6424 100 4 25 338
12.5 6424 100 8 12.5 344

testpowerwill bedecreasetly anadditionalfactorof 2.

In termsof areaoverheady TB-DIU andVTB-MIU blocks
needoneflip-flop for eachvirtual testbusline andadditional
logic for multiplexing/demultiplexing if the shift frequeny
is lower thanthe testerfrequeng. The capturewindow size
andthe numberof clock domainsdecidethe hardwareover
headof the scancontrolblock. As it canbe seenin the last
column of Tables2 and 3, the new MFCW will introduce
an additionalareaoverhead(for hCADTO0O0)in the rangeof
190to 344 equivalent? input NAND gates(2NANDs). This
datais compiledusinga 0.18 procesgechnologywhereour
resultsindicatethatthe overheadfor hCADTOO)introduced
by scanonly is 14632NANDs andby scanandP1500logic
is 45122NANDs (this valueis ratherlarge sincethe number
of I/Osis 313). Evenif the numberof 1/Os will be lower,
we believe thatthe addedoverheado scanand P1500logic
will be in around10%. For complex coreswith hundreds
of thousandf gatesthis is insignificant, when compared
to thebenefitsof facilitatingat-speednulti-frequengy testof
IP-protectectores.

(3]

(4]

(5]

(6]

(7]

4 Conclusion

Thispapermproposednen corewrapperarchitecturewhich,
by meansof a capturewindow, facilitatesmulti-frequeny
at-speedtesting, while acceptingdata from a low-speed
tester at the expenseof small on-chip areaoverhead. In
addition,the power consumptiorduringtestis decreasethy
shifting datawith lower frequeng without penalizingthe

(8]

9]

testingtime. The proposedarchitectureprovidesa P1500 [10]
compatiblesolutionfor multi-frequeng coretest.
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